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The surfactant, pulmonary-associated protein C (SFTPC) is a peptide secreted by the alveolar type II pneumocytes of the lung. We have
characterized the porcine SFTPC gene at genomic, transcriptional, and protein levels. The porcine SFTPC is a single-copy gene on pig chromosome
14. Two transcripts were found in a newborn pig lung cDNA library: a full-length clone and a clone missing exon 5. cDNA sequence comparison
revealed four synonymous and two nonsynonymous substitutions and in-frame insertions at the beginning of exon 5. Comparison of the SFTPC
coding region between several mammals showed high levels of conservation. Northern blot studies showed lung-specific expression of the full-length
SFTPC transcript, appearing in 50-day-old fetus and increasing during lung development. Both SFTPC transcripts were detected mainly in lung by
real-time RT-PCR and theywere significantly down-regulated in necrotic lungs of pigs infected withActinobacillus pleuropneumoniae. Additionally,
the protein levels were also decreased or absent in the necrotic tissue.
© 2006 Elsevier Inc. All rights reserved.Keywords: SFTPC; SNPs; Gene expression; Real-time RT-PCR; Actinobacillus pleuropneumoniae lung infection; Type II cellsPulmonary surfactant is a complex mixture of lipids (90%)
and proteins (5–10%) secreted by pulmonary alveolar type II
epithelial cells. Surfactant maintains alveolar integrity by
reducing surface tension at the air–liquid interface that is
essential for normal breathing. The absence or deficient
production of pulmonary surfactant in premature infants has
been associated with respiratory distress syndrome, which is the
main cause of neonatal morbidity and mortality in developed
countries [1]. Unfortunately the only therapy available consists
of treating the patients with exogenous surfactant preparations
and some of the patients do not respond to this therapy [2,3].
Four lung-specific surfactant-associated proteins are known
to date: SFTPA, SFTPB, SFTPC, and SFTPD [4]. Surfactant,
pulmonary-associated protein C is an ∼3.7-kDa highly
hydrophobic protein essential for surfactant function (for review
see [5]). This peptide has an α-helical membrane-spanning⁎ Corresponding author. Fax: +45 35283042.
E-mail address: scs@kvl.dk (S. Cirera).
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doi:10.1016/j.ygeno.2006.04.011region and a posttranslational modification (palmitoylation). In
humans, this peptide is synthesized as a 191- to 197-amino-acid
precursor protein (proSFTPC), which is subjected to C- and N-
terminal proteolytic cleavage yielding a mature peptide of 35
amino acids. Recently missense or deletion mutations in the
proSFTPC sequence have been associated with several lung
diseases in children and adults [1,6]. Some of these mutations
are located in a region of the proSFTPCmolecule that includes a
BRICHOS domain [6]. This domain, around 100 amino acids
long, is found in proteins associated with dementia, respiratory
distress, and cancer.
The gene encoding the SFTPC in humans is a single locus
gene spanning ∼3.5 kb of DNA containing six exons and is
mapped to chromosomal region 8p23.1 [7]. The orthologous
gene in mouse is also encoded by a single locus [8], which has
been assigned to chromosome 14 [9]. The genomic and cDNA
sequences for the SFTPC gene show a remarkable conservation
at the 5′UTR and the coding region in all themammalian species
sequenced up to now [10,11].
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expressed in type II cells [12], but the SFTPC mRNA can be
detected before the differentiation of the type II cells [11],
namely, during fetal lung development. In mice the single
Sftpc mRNA of 0.8 kb has also been detected specifically in
lung tissue, and as in humans it shows an increase in the
transcription rate during development [8].
Expression studies have also been carried out in rabbit, in
which the mRNA levels have been examined for the three major
surfactant pulmonary-associated proteins A, B, and C in
developing lung. It was observed that the SFTPC mRNA levels
increase early in gestation, while SFTPA and SFTPB mRNA
levels increase rapidly between gestation day 26 and day 30 [13–
15]. Very little is known about the SFTPC gene in pig. A recent
study by Rau et al. [16] has shown that neonatal pigs display
better surface tension function compared to adult pigs, which is
associated with increased concentrations of SFTPC protein.
Several splice variants have been reported in the different SP
genes and particularly in SFTPC several splice variants
implicating exon 5 have been described in different species.
In humans a splice variant missing 18 bp at the beginning of
exon 5, resulting in the removal of six amino acids with no
change in reading frame, and another variant with an insertion
of 8 bp at the end of exon 5 have been found [17]. Also in the
rabbit different mRNAs produced by alternative use of 3′ splice
sites of intron 5 of the SFTPC gene have been found [10,18].
In the present study we report the isolation and character-
ization of the pig SFTPC gene. The sequence was characterized
at both the cDNA and the genomic levels, and expression
patterns in different tissues and in different developmental
stages of the porcine lung were measured. Messenger RNA and
protein levels were investigated during Actinobacillus pleur-
opneumoniae (AP) lung infection in pigs by real-time PCR,
immunochemistry, and Western blotting.Fig. 1. (A) Southern blot using genomic DNA from two different pigs. BamHI, gD
digested with HindIII; XbaI, gDNA digested with XbaI; Hind/Eco, gDNA double dig
clone was used only for partial sequencing of the 5′ UTR; full-length and SFTPCΔexon
are adult production pigs. The arrows indicate the locations of the SNPs. The sequen
time RT-PCR, or sequencing. Under the consensus sequence, the capital letters indic
site, and poly(A)– are indicated on the sequence.Results and discussion
Southern blot results showed hybridization in a single 2-kb
BamHI band (see Fig. 1A). This result demonstrates that the SP-
C gene in pig is a single-copy gene as in humans and mouse
[8,17]. The BamHI digestion revealed a polymorphism, i.e., the
BamHI fragment was 0.2–0.3 kb bigger in the DNA from pig 2
compared to pig 1.
The porcine SFTPC gene was localized by radiation hybrid
mapping to SSC14 next to the SW857 marker with a lod score
of 22.22 and a distance of 0.11 rays. According to conserved
synteny, this mapping result is in agreement with the human
localization of the gene at HSA8p23.1 [7] and with the mouse
localization at chromosome 14 [9].
Genomic DNA from three randomly chosen pigs was used
to PCR amplify and sequence a region of 2.71 kb containing
the SFTPC gene. Due to the high sequence conservation of the
SP-C gene between human and pig it is reasonable to assume
that the lengths of exons and introns and the exon/intron
junctions are conserved, except for the beginning of exon 5
(see below). Five silent SNPs (single nucleotide polymorph-
isms) were identified, all of them located in introns (one in
intron 1, one in intron 2, one in intron 3, and two in intron 4;
see GenBank Accession No. AJ891031 for the exact location
of the SNPs).
Comparing SFTPC cDNA sequences from a lung cDNA
library from newborn pig and four healthy Danish production
pigs we found one synonymous SNP in exon 1, one
synonymous SNP in exon 3, two synonymous SNPs in exon
4, and a double nonsynonymous SNP in exon 5. The
nonsynonymous SNPs represent a nonconservative change
from a nonpolar amino acid (cysteine) to a basic amino acid
(arginine or histidine). One of the clones from the newborn
library did not contain exon 5 (SFTPCΔexon5). Moreover two ofNA digested with BamHI; EcoRI, gDNA digested with EcoRI; HindIII, gDNA
ested with HindIII and EcoRI. (B) Alignment of the cDNA sequences. Promotor
5 clones were isolated from a newborn pig cDNA library. Pigs 73, 78, 92, and 97
ces underlined and with italic labels are the primers used for amplification, real-
ate the amino acid sequence and in bold, the active peptide. TATA box, poly(A)
Fig. 1 (continued).
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Fig. 2. SFTPC amino acid sequence from seven mammalian species (Accession Nos.: pig, CAI72666; sheep, AAF31149; mink, CAA79577; human, AAB60332; mouse, AAH61137; rat, AAH72693; and rabbit,
AAB24576). The mature peptide of 35 amino acids and the BRICHOS domain are underlined. The arrows indicate the two conserved cysteine residues that probably form a disulfide bridge.
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insertions in-frame (of 12 and 9 nucleotides, respectively) at
the beginning of exon 5 in the cDNA sequence (see Fig. 1B).
Comparing the amino acid sequences of pig and other species
(Fig. 2), the beginning of exon 5 seems to be a hot spot for
insertions/deletions. Glasser et al. [17] found a human SFTPC
cDNA clone with an 18-bp deletion at the beginning of exon 5
and an additional clone with an 8-bp insertion at the end of this
exon. Wang et al. [19] found a splice variant without exon 4,
which resulted in disruption of intracellular trafficking of the
proSFTPC. Furthermore, Connelly and Possmayer [10] found a
27-bp deletion at the intron/exon junction of exon 5 in the rabbit
SFTPC gene when aligning it with the human sequence.
In pig the propeptide consists of 190–194 amino acids,
including the N-terminal part, an active peptide, and a C-
terminal part. There are only 16 nonconservative amino acid
changes (excluding the deletions) between the human and the
pig protein sequences. The mature peptide consists of 35 amino
acids in pig and it has only two nonconservative changes
compared to the human sequence. When adding all the acces-
sible protein sequences for the SFTPC (Fig. 2) the amino acid
sequence is rather conserved between the seven species inclu-
ded (106 identical residues).
In all the species the active peptide contains a long stretch of
valines forming an α-helix that is known to confer stability in a
lipid membrane. Furthermore, the peptide of all species contains
a BRICHOS domain around 100 amino acids long in the C-
terminal part (see Fig. 2), which is removed after proteolytic
processing. This domain, which seems to have an ancient
origin, is found in proteins associated with dementia, respiratory
distress, and cancer. It contains two conserved cysteine residuesFig. 3. (A) Study of SFTPC gene expression in different pig tissues by Northern blot. L
8, pancreas; 9, stomach; 10, muscle; 11, kidney; 12, jejunum; 13, liver; 14, cerebellum
Northern blot in pig lung tissue at different developmental stages. NB, newborn pigthat probably form a disulfide bridge. Three possible functions
have been hypothesized for this domain: targeting to the
secretory pathway, assisting the specialized intracellular
protease processing system, and having an intramolecular
chaperone-like function.
Expression studies by Northern blotting were performed on
several tissues from a Landrace piglet: lung, heart, bone
marrow, thymus, bladder, skin, adipose tissue, pancreas,
stomach, muscle, kidney, jejunum, liver, cerebellum, cortex,
and hippocampus. A single band corresponding to the full-
length transcript size (0.78 kb) appeared in the lung RNA. None
of the other tissues showed a hybridization signal even though
the filter was exposed longer (see Fig. 3A). Therefore, we can
conclude that with the sensitivity of this technique we can detect
expression of the full-length transcript (FL) only in lung.
RNA extracted from pig lung tissues of two adults, two
newborns (NB), two 100-day-old fetuses, and one 50-day-old
fetus (F50) was used in Northern blot. Only the band
corresponding to the full-length variant was detected by
Northern in each of the developmental stages. No differences
between expression of adult and newborn could be visually
detected. The F50 lung showed the lowest expression and then it
increased in the next stages (see Fig. 3B). These results can be
explained by an increase in the number of AT2 cells and by
enhanced transcription/stability of SFTPC mRNA during lung
development [13].
Real-time RT-PCR, which is a more sensitive technique,
was used to confirm the Northern results. The cDNAs used in
this experiment correspond to the RNA samples tested in the
Northern blot study together with lymph, testis, and ovary. The
cDNA from lung tissue showed the highest expression for bothanes 1, lung; 2, heart; 3, bone marrow; 4, thymus; 5, bladder; 6, skin; 7, adipose;
; 15, cortex cerebri; 16, hippocampus. (B) Study of SFTPC gene expression by
s; F100, 100-day-old fetus; and F50, 50-day-old fetus.
Table 2
Expression analysis by real-time RT-PCR in different developmental stages of
the pig lung
FL SFTPCΔexon5 ΔCt
F50 (8) 17.3 (±1.29) 22.6 (±0.81) 5.3
F104 (6) 12.1 (±0.35) 19.8 (±0.89) 7.7
NB (5) 11.50 (±0.4) 20.7 (±0.8) 9.2
Adults (10) 12.42 (±0.53) 20.2 (±1.66) 7.79
Expression study of the full-length (FL) and spliced variant (SFTPCΔexon5)
transcripts of the SFTPC gene during pig lung development by real-time RT-
PCR. The number in parentheses in the first column shows the replicates for
each tissue. Ct values were corrected by the reference gene and the average was
calculated. The number in parentheses in the two middle columns shows the
standard deviation for each value. F50, 50-day-old fetuses; F104, 104-day-old
fetuses; NB, newborn pigs.
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1). This big difference in abundance between the two
transcripts in adult lung tissue together with the low expression
of both variants in other tissues indicates that SFTPCΔexon5 is
the consequence of missplicing and therefore has no functional
importance.
Lung cDNA from 10 8- to 12-week-old pigs, 5 newborns, 6
104-day-old fetuses (F104), and 8 F50 fetuses has also been
used in real-time RT-PCR. The crossing threshold (Ct) values
obtained for each pig were normalized by the RPL4 (ribosomal
protein L4) reference gene. The average for each developmental
stage is shown in Table 2 together with the standard deviation.
When calculating the ΔCt values we can see that they have
small differences (from 0.09 to 1.5 cycles), except for the case
of the 50-day-old fetus for which the SFTPCΔexon5 transcript
has a higher expression than expected; therefore it could be
playing a different functional role not related to type II cells,
which are not differentiated yet at this stage. There is almost no
difference in SFTPC expression between F104 and NB stages,
especially for the FL transcript. The expression of both variants
is much lower in F50, which can be due to the fact that the type
II cells are not differentiated at the 50-day stage. In the adult
stage the expression decreases a little again (which cannot be
detected by the Northern). For the six F104, there is some
disagreement between the results from both methods, which can
be explained by the difference in 4 days of development. In the
Northern the FL transcript of the 100-day-old fetus has less than
half of the hybridization signal of the NB and adults when
visually inspected but we cannot see significant differences for
the FL transcript between F104 and NB in the real-time RT-PCR
study. This finding is in agreement with the maturation of theTable 1
Expression analysis by real-time RT-PCR in different adult pig tissues
Tissue Ct full length Ct spliced variant Fold change
Bone marrow (3) 29.35 38.35 99.47
Liver (3) 24.06 30.68 27.24
Thymus (3) 27.84 35.68 51.14
Kidney (3) 28.69 32.67 4.63
Stomach(3) 29.96 36.87 26.97
Jejunum (3) 30.13 34.61 6.02
Muscle (3) 25.74 31.52 15.40
Heart (3) 29.46 35.09 12.47
Cerebellum (3) 26.69 30.33 4.00
Cortex cerebri (3) 26.84 31.23 6.32
Hippocampus (3) 28.2 35.62 39.04
Lung (2) 12.16 21.83 260.01
Pancreas (2) 24.89 27.49 2.24
Skin (2) 27.33 35 46.81
Adipose tissue (1) 27.22 32.9 13.81
Bladder (1) 27.3 35.18 53.32
Lymph (1) 27.78 31.21 3.40
Testis (1) 26.78 31.45 7.52
Ovary (1) 21.09 28.85 60.38
Expression study of the full-length (FL) and spliced variant (SFTPCΔexon5)
transcripts of the SFTPC gene by real-time RT-PCR in different pig tissues. The
number in parentheses shows the replicates for each tissue. Ct values were
corrected by the reference index and the average was calculated. The fold change
was calculated using the formula [EffΔCt, ΔCt = Ct(SFTPCΔexon5 − Ct(FL)].lungs, which is progressing rapidly during the last stage of
pregnancy. It is known that the surfactant function improves
under dynamic conditions adapting to physiological needs. In
particular surfactant reaches high levels only shortly before
birth (2 weeks before birth in humans [20]). In agreement with
our results, Rau et al. [16] showed that newborn pigs compared
to adolescent pigs have a three- to fourfold increase in SFTPB
and SFTPC, which could be explained by the higher respiration
rate in newborn piglets. These authors suggest a molecular
adaptation of the surfactant to the age-dependent requirements
in lung development and physiology.
Respiratory diseases are one of the major problems in the
pig industry, with severe consequences with respect to both
animal welfare and economy.The gram-negative bacterium A.
pleuropneumoniae is responsible for pleuropneumonia, a
highly contagious and often fatal porcine respiratory disease.
The infection results in severe and fatal fibrinous necrotizing
hemorrhagic pneumonia and the formation of serofibrinous
pleuritis [21]. The incidence of chronic pleuritis in Denmark
has been increasing steadily since the beginning of the 1980s
[22]. To initiate a characterization of the cellular consequences
of AP infection quantitative RT-PCR was performed to
investigate the expression pattern of the SFTPC transcripts
(FL and SFTPCΔexon5) in tissue samples from infected and
normal lung. Five and ten pigs included in two AP lung
infection trials were analyzed by real-time RT-PCR. The first
lung infection study showed a tendency for down-regulation of
both SFTPC transcripts but the results were not significant.
When including more samples from a second infection study,
both transcripts were significantly less abundant in the infected
tissue compared with the normal lung after normalization with
two reference genes (see Table 3). Of five reference genes
tested only two are clearly shown not to be affected by the
infection. The amount of RNA extracted from the same
amount of tissue was always less than half in the necrotic
tissue compared to the normal tissue. This fact can easily be
explained by the cell death and consequent RNA degradation
that take part in the necrotic process. The stability of the
individual transcripts would then be an important factor with
regard to RNA degradation. Therefore, upon infection the
decrease of transcription may produce a SFTPC protein
Fig. 4. (A) Immunohistochemical demonstration of prosurfactant, pulmonary-
associated protein C in pulmonary type II cells within normal pig lung tissue
(original magnification ×20). (B) Within pig necrotic lung tissue infiltrated by
heterophilic granulocytes and steaming cells immunohistochemical staining for
proSFTPCwas negative or only a diminished reactivity within pulmonary type II
cells was present (original magnification ×20). Arrows, heterophilic granulo-
cytes; arrowheads, steaming (“oat”) cells.
Table 3
Expression analysis by real-time RT-PCR during AP lung infection in pig
Reference gene FL SFTPCΔexon5
Factor a P value Factor a P value
YWHAZ 8.086 0.001 8.76 0.003
GAPDH 11.97 0.001 12.967 0.001
HPRT 2.279 ns 2.469 ns
YWHAZ–GAPDHb 9.838 0.001 10.658 0.001
Expression study of the full-length (FL) and spliced variant (SFTPCΔexon5)
transcripts of the SFTPC gene during AP lung infection in pig by real-time RT-
PCR. 10 tissue samples from normal lung and 8 tissue samples from infected
lung were included in the study.
a Down-regulation factor of the SFTPC transcripts (FL and SFTPCΔexon5) in
the infected pigs compared to the normal pigs.
b Geometric mean of the best reference genes, YWHAZ and GAPDH used
for normalization.
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time RT-PCR have been carried out with another surfactant
gene, SFTPB (manuscript in preparation), which shows
significant down-regulation in the same necrotic samples
compared with the normal ones. Furthermore, the difference in
abundance between the two SFTPC transcripts in the normal
and necrotic lung tissues is still around 260-fold (see above,
Table 1). This result permits us to conclude that the short
variant does not have any functional significance in lung tissue
under AP infection; thus as mentioned above it is most likely
generated due to mistakes in the splicing process.
Tissue specimens from eight AP-infected pigs were sampled
for protein analysis. An antibody produced against the murine
proSFTPC protein (containing amino acids 1 to 33) was used
for immunohistochemical studies. The dominating lesions in the
lungs were results of hyperemia, fibrin exudation, hemorrhage,
necrosis, and thrombosis that occasionally was accompanied by
vasculitis. Also distension of the interstitial lymph vessels
together with an influx of heterophilic granulocytes and
steaming cells (“oat cells”), which are believed to originate
from monocytes [23], was characteristically observed. In the
tissue bordering the necrotic lesions hyperemia, some exudation
of fibrin, edema, and a minimal influx of heterophilic
granulocytes and steaming cells were present. In the normal
lung tissue histomorphological changes, apart from some
hyperemia, were not present. In the normal porcine lung
sections reactivity for proSFTPC was restricted to the AT2 cells
(Fig. 4A). Within tissues obtained from the infected animals a
comparable staining pattern was obtained within the nonnecro-
tic areas, whereas the staining was absent or present only as
diminutive focal stained spots in necrotic areas (Fig. 4B). In
tissues taken from the borderline between necrotic and
nonnecrotic areas the disappearance of reactivity within the
necrotic areas was also obvious (data not shown).
In humans SFTPC is a 35-amino-acid peptide (4 kDa) that is
synthesized and processed from a 191- to 197-amino acid
precursor (21 kDa). This precursor undergoes a posttranscrip-
tional modification (palmitoylation) to a 26-kDa form [24] and
then it is processed intracellularly by successive cleavages to
18-, then 16-, and then 14-kDa intermediates along thesecretory pathway [24,25]. By Western blots with the normal
and necrotic samples we observed specific bands corresponding
to proSFTPC intermediates identical to what has been
described in humans in the protein samples from normal lung
(Fig. 5). However, the bands corresponding to proSFTPC
intermediates disappeared completely in the eight samples
extracted from necrotic lung tissue (in Fig. 5 data are shown for
only four samples). This could be a direct consequence of the
decreased mRNA levels for the SFTPC gene found at
transcriptional level. Moreover, a weak extra band of
approximately 12 kDa appears in the pig necrotic lungs. This
band seems to be SFTPC specific because if it was nonspecific
it should also be present in the normal lung tissue. A band of
12 kDa has been described in a hereditary SFTPB deficiency
study as an aberrant form of SP-C due to perturbed processing
and routing of proSFTPC [24]. In our study the presence of this
12-kDa band could hypothetically also correspond to an
Fig. 5. Western blot experiment. Lanes 1, 2, 3, and 4, 40 μg of protein from normal lung; lanes 5, 6, 7, and 8, 40 μg of protein from necrotic lung. The SFTPC antibody
used was raised against amino acids 1–33 of the human proSFTPC protein (Upstate), which differs from the pig sequence by 5 amino acids.
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infection process. Very low levels or absence of SFTPC have
also been found by Western blotting in newborn calves with
respiratory distress syndrome [26].
In summary, we have shown that the SFTPC gene is highly
conserved in a range of animal species including the pig, which
suggests strong evolutionary pressure acting on the nucleotide
and amino acid sequence of the protein to preserve its structure.
The genomic region of the pig SFTPC gene revealed only five
synonymous SNPs. When sequencing six pig SFTPC cDNAs
we found the following variants: four synonymous and two
nonsynonymous SNPs, a transcript missing the complete exon 5
(SFTPCΔexon5), and two cDNA sequences with in-frame
insertions at the beginning of exon 5. The expression and
protein profiles of the porcine SFTPC gene are very similar to
those in humans. The porcine gene is specifically expressed in
lung tissue in agreement with human expression data [12].
Moreover, studies of SFTPC expression during lung develop-
ment indicate a potential importance of the SFTPCΔexon5
transcript in early development. Additional studies are needed
to clarify functional aspects. Based on the results from the
expression and protein studies during AP lung infection we can
conclude that expression and distribution of lung SFTPC are
altered by AP lung infection. Therefore, the pig might be used as
an animal model to improve the understanding of the
pathogenesis of the lung infection and could be considered for
evaluation of new therapies.Materials and methods
Southern blot
Genomic DNA from two pigs was used: (1) a newborn piglet also used for
cDNA library construction and (2) an adult pig. The genomic DNA (gDNA)
was extracted using the method described by Grimberg et al. [27]. Ten
micrograms of gDNA was used in each digestion and five digestions were
done for each animal: BamHI, EcoRI, HindIII, XbaI, and EcoRI/HindIII. The
digestions were run on 1% agarose gels and blotted on Hybond-N nylon
membranes (Amersham Pharmacia Biotech), according to Sambrook et al.
[28]. Around 50 ng of pig genomic DNA clone containing the SP-C gene
region was labeled by random priming (Roche) using [α-32P]dCTP
(Amersham Pharmacia Biotech), purified through NICK columns (Amersham
Pharmacia Biotech), and used as probe. The hybridization and washes were
performed according to Sambrook et al. [26]. Stringency conditions of the last
wash were 0.5× SSC and 0.1% SDS at 65°C. Filters were exposed at −70°C to
X-ray film with an intensifying screen.Mapping
The Primer3 software [29] at http://www-genome.wi.mit.edu/cgi-bin/
primer/primer3_www.cgi was used for primer design. Primers amplifying a
PCR product of 156 bp were designed in the 3′ UTR region of the cDNA to
minimize amplification with the hamster DNA present in the panel: 5′-
ACATCAGGGCCTCAGGAAG-3′ and 5′-AACAGCTGCTTCTCCTCTGC-3′
(see Fig. 2). The pig radiation hybrid panel (IMpRH [30]) was used for regional
assignment and mapping. The PCR was performed on 5 ng of DNA from each
hybrid with the following conditions: 0.35 μM each primer, 2 mM Mg2+, and
0.05 units of HotStartTaq (Qiagen) in a 10-μl reaction volume. A HotStart three-
step PCR was performed using 15 min initial denaturation at 95°C and
subsequently 35 cycles of 95°C for 30 s, annealing at 62°C for 30 s, and
extension at 72°C for 30 s and a final extension step of 10 min at 72°C. The
amplification products were resolved in 2% TAE agarose gels and manually
scored. The PCR results were analyzed with the IMpRH mapping tool at http://
imprh.toulouse.inra.fr/ developed by Milan et al. [31].
Sequencing of the SFTPC gene
Genomic DNA was amplified using Elongase Mix (Invitrogen). The
resulting fragment was cloned using the TOPO XL PCR cloning kit (Invitrogen)
and sequenced using polylinker and internal primers (GenBank Accession No.
AJ891031).
The human cDNA sequence of the SFTPC gene was used for similarity
searching against pig ESTs generated within the Sino-Danish pig genome
sequencing project (J. Gorodkin et al., manuscripts in preparation). Three clones
from a newborn lung cDNA library were selected for further studies. One of
them contained a part of the 5′ UTR compared with the human sequence
(GenBank Accession No. J03890 [17]) and this clone was used only to sequence
the region containing the TATA box (see Fig. 1); the inserts of the other two
clones were completely sequenced by polylinker and internal primers (GenBank
Accession Nos. AJ891123 and AJ891124).
Furthermore, lung cDNA sequences were obtained from four adult
production pigs (named alleles 73, 78, 92, and 97 in Fig. 1B; GenBank
Accession Nos. AJ920266-AJ920269). For this purpose total RNA was
extracted from lung tissue using TRI Reagent (Molecular Research Center,
Inc.). Subsequently the RNAs were DNase treated and reverse transcribed using
oligo(dT) and M-MLV reverse transcriptase (Promega). The cDNAs were
amplified by PCR using pig-specific primers for the SFTPC gene and Elongase
Mix (Invitrogen) and cloned using the TOPO TA cloning kit (Invitrogen) and
sequenced using polylinker and internal primers.
Northern blots
Two experiments were done:
(A) The first experiment used total RNA from different tissues. Ten
micrograms of total RNA from each of the tissues included was analyzed
by Northern blot using the NorthernMax kit (Ambion). Total RNAwas
extracted using a different kit depending on the tissue, TRI Reagent
667S. Cirera et al. / Genomics 88 (2006) 659–668(Molecular Research Center, Inc.), RNeasy Lipid kit (Qiagen), RNeasy
Fibrous kit (Qiagen), or RNeasy kit (Qiagen), according to each
manufacturer’s protocol.
(B) The second experiment used total RNA from pig lung at different
developmental stages. RNAwas extracted from pig lung tissues from the
different developmental stages using TRI Reagent (Molecular Research
Center, Inc.). Fifteen micrograms of each sample was used to make a
Northern blot using the NorthernMax kit (Ambion).
The probe used in both experiments (A and B) contained all the SFTPC
cDNA. Labeling by random priming and washes were performed as described in
Sambrook et al. [28]. Thereafter the membranes were wrapped in plastic and
exposed to phosphor screens for several days before being imaged on a Storm
840 PhosphorImager system (Amersham Pharmacia Biotech).
Experimental infection with A. pleuropneumoniae
Two infection trials were performed:
(A) In the first infection, six 10- to 12-week-old Danish SPF (specific-
pathogen-free) pigs were used. Growth of bacterial strains as well as
inoculation was carried out as previously described [32]. Four pigs were
inoculated with A. pleuropneumoniae serotype 5B, isolate L20, by
dripping bacterial solution in each nostril during inspiration. Two pigs
were not inoculated, two were inoculated with a low dose (1 ml
McFarland 0.5 suspension mixed 1:1 with brain–heart infusion broth
(BHI) + 0.5% NAD containing approx 9.6 × 106 CFU/ml), and two were
inoculated with a high dose (1 ml McFarland 0.5 suspension mixed 1:1
with BHI + 0.5% NAD containing approx 3.8 × 107 CFU/ml). Animals
were sacrificed 24 h after inoculation by means of captive bolt pistol
followed by pitching and exsanguination. Samples of infected and
uninfected lung tissue were snap frozen in liquid nitrogen and stored at
−80°C until use. At the end of the experimentation reisolation of AP
serotype 5B, isolate L20, from lung tissue was performed. Only two pigs
had infected areas in the lungs.
(B) In the second infection, 10 8- to 10-week-old Danish SPF pigs were used.
Growth of bacterial strains and inoculation were carried out as in the first
infection except that all animals were inoculated with the same dose of
approx 0.7 × 107 CFU/ml. Animals were sacrificed 14–18 h after
inoculation. Collection of samples as well as reisolation of AP serotype
5B, isolate L20, from lung tissue was performed as described above. Two
of the pigs did not get infected; therefore necrotic tissue was extracted
from 8 pigs and normal lung tissue was extracted from the 10 pigs.
Real-time RT-PCR
Tissues were take from several groups of pigs for total RNA extraction and
cDNA synthesis using oligo(dT): (1) lung tissue from 10 8- to 12-week-old pigs,
5 newborns, 6 104-day-old fetuses, and 8 50-day-old fetuses; (2) 19 different
tissues (bone marrow, liver, thymus, kidney, stomach, jejunum, muscle, heart,
cerebellum, cortex cerebri, hippocampus, lung, pancreas, skin, adipose, bladder,
lymph, testis, and ovary) from the 3 Landrace piglets also used in the Northern
analysis; and (3) lung tissue from two groups of pigs included in the lung-
infection studies.
Three primers were designed to distinguish between the two splice variants
for the SFTPC cDNA: full-length, 5′-TGTACATCTAGGAAACATCAG-3′;
splice variant, 5′-CCAGAACTTCCAGGGCCTCA-3′; and the common primer
SP-C.3′, 5′-ATTCTTTGGTGGTAGAAGCC-3′ (see Fig. 1B). The linear
correlation coefficient of the two SFTPC isoforms (FL, full-length transcript,
and SFTPCΔexon5, transcript missing exon 5) and of the reference genes used
ranged from 0.98 to 1.0 and the amplification efficiencies based on the slopes of
the standard curves varied from 80 to 110%.
In the 19-tissue study the Ct values were normalized by a reference index
(using tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation
protein, ζ-polypeptide, YWHAZ; RPL4; TATA-box-binding protein; and β-
actin) calculated by geNorm [33]. In the developmental stages theCt values were
normalized by the best reference gene tested (RPL4) and in the infection studiesglyceraldehyde-3-phosphate dehydrogenase (GAPDH), hypoxanthine phos-
phoribosyltransferase 1 (HPRT), and YWHAZ were used as reference genes.
Real-time RT-PCR was performed on a Mx3000 detection system
(Stratagene) using the Quantitect SYBR green PCR master mix (Qiagen)
according to the manufacturer’s protocol. The cycling conditions were 1 cycle of
denaturation and hot start at 95°C/15 min, followed by 40 cycles of
amplification (95°C/30 s, 55 or 60°C/1 min, 72°C/30 s) and 1 three-segment
cycle of product melting (95°C/1 min, 55°C/30 s, 95°C/30 s). The baseline
adjustment method of the Mx3000 (Stratagene) software was used to determine
the Ct. In the lung-infection study the Ct values of the control and necrotic
tissues were normalized by each reference gene and compared using the
program Relative Expression Software Tool version 384 β, May 10, 2005 (at
http://www.wzw.tum.de/gene-quantification/rest.html [34]).
Immunohistochemistry
From the eight infected animals, tissue specimens were sampled from areas
without lesions, from the centers of necrotic areas, and from areas containing
both necrotic and unaffected tissue. From the two uninfected pigs, tissue
specimens were sampled randomly and processed along with lung tissue of the
infected animals. The tissue specimens were fixed, processed, and embedded in
paraffin wax according to standard procedures. From the paraffin-embedded
tissue, 3- to 4-μm sections were cut and stained by hematoxylin and eosin for the
evaluation of histomorphological lesions. For immunohistochemistry tissue
sections were mounted on adhesive slides (Superfrost R Plus; Menzel–Glaser,
Germany) and kept at 4°C until processed.
For the primary antibody (anti-pro-surfactant, pulmonary-associated protein
C IgG, containing amino acids 1–33 of human proSFTPC) to work on porcine
lung tissue, immunohistochemical stainings were initially performed with
different procedures according to antigen retrieval methods and dilution of the
primary antibody: a comparable positive reaction was obtained in sections of
normal murine and normal porcine lung tissue only when the primary antibody
was diluted 1:250 and the antigen retrieval was performed with 0.1% trypsin and
microwave oven boiling in citrate buffer; Tris–EGTA buffer, pH 9; and Tris–
EDTA buffer, pH 9. However, as boiling in Tris–EDTAwas superior to the other
methods, this was applied for antigen retrieval on tissue sections from the eight
infected animals. Before the antigen retrieval the sections were heated at 70°C for
15 min and then processed through xylene and rehydrated in graded
concentrations of ethanol. After antigen retrieval the polyclonal rabbit anti-
proSFTPC IgG antibody (Upstate Biotechnology, Lake Placid, NY, USA) was
added in dilutions of 1:250 and 1:500 in 5% normal porcine serum in TBS, pH
7.6. The sectionswere incubated for 18 h at 4°C, followed bywashes in TBS. The
detection system PowerVision+ (Part No. DPVB + 110AEC; ImmunoVision
Technologies Co.) was used for signal amplification and applied according to the
manufacturer’s instructions. Counterstaining was performed for 10 s in Meyer’s
hematoxylin and washed 1 min in running tap water and 4 min in distilled water.
Finally, sections were mounted with glycerol–gelatin. Control immunostainings
were run on parallel sections without the primary antibody and with a nonsense
polyclonal IgG antibody of the same concentration as the primary antibody.
Sections of murine lung tissue served as positive controls for specific staining of
SFTPC [35]. Tissues from all infected animals were screened for reactivity
following the optimal antigen retrieval procedure and dilution of the primary
antibody.
Western blot
Only the pigs from the second study of lung infection were used. Protein
isolation was performed using TRI Reagent (Molecular Research Center, Inc.)
following the manufacturer’s protocol. Forty micrograms of protein for each
sample was loaded in a 12% Bis–Tris gel Novex NuPAGE (Invitrogen) and run
for 40 min at 200 V using the XCell SureLock minicell (Invitrogen).
Subsequently the proteins were blotted onto PVDF membranes using the
XCell II blot module (Invitrogen) following the manufacturer’s protocol. After
the transfer the membranes were stained with Ponceau S to verify that the
proteins were completely transferred. Detection was performed using the
WesternBreeze chemiluminescence Western blot immunodetection kit (Invitro-
gen) and the antibody anti-proSFTPC containing amino acids 1–33 of human
668 S. Cirera et al. / Genomics 88 (2006) 659–668proSFTPC (Upstate). The amount of antibody used was 1:1000–1:750. BioMax
Light films (Kodak) were used for exposure. The time of exposure varied
between 2 and 5 min.Acknowledgments
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